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A simple method of inferring the genotyping error rate of SNP arrays and similar high-throughput genotyping methods from Mendelian errors
is described. Application to genotypes from small families using the Affymetrix GeneChip Human Mapping 50 k Array indicates an error rate of
about 0.1%, and this rate can be reduced by increasing the quality criterion for calls, though at the cost of a reduced genotype call rate, which
limits the benefit available. Simulated data are used to show that the number of SNPs on this array is sufficient for such a low error rate to have
little impact on identical by descent-based inference for disease linkage in sib-pair studies.
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genotyping of a large number of single-nucleotide polymorphism
(SNP) markers allows investigation of genetic association and
linkage with high resolution. However, the high volume of data
makes the assessment of data quality a significant issue: it is no
longer feasible to undertake point-by-point evaluation of data
values to check their validity. In particular, genotyping errors (GEs)
have the potential to give misleading results; methods that are
highly sensitive to GEs are unsuitable for use with these
technologies.
A number of authors, including Rabbee and Speed [1] and Di et
al. [2], have studied genotyping error rates by comparing genotypes
obtained by different technologies, whileDouglas et al. [3] andHao
et al. [4] describe the use of Mendelian errors (MEs)-those errors⁎ Corresponding author. Mathematical and Information Sciences, Common
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doi:10.1016/j.ygeno.2007.05.011-ier Inthat lead to genotypes incompatible with Mendelian inheritance-as
the basis for estimating error rates. Not all GEswill be detectable as
MEs, but Hao et al. [4] use simulations to study the rate at which
GEs give rise to MEs and find that there is a linear relationship
between the GE count and the ME count.
In this paper we show the mathematical basis for the linear
relationship and give a moderately simple formula for the
relationship that can readily be programmed in a statistical
package or spreadsheet for any noninbred pedigree. Examples
of the application of the formulae to data are given, including
examining the error rate for the Affymetrix GeneChip Human
Mapping 50 k Array Xba 240 (“the Xba array”) [5].
The real importance of GEs is in their impact on inference
from the genotype data [6–9]. The impact of error rates similar
to those found from the data is examined. It is shown that the
impact on the study results is likely to be small.
Genotyping errors and Mendelian errors
High-throughput genotyping methods are inevitably subject
to error. For example, the Xba array considered here usesc. All right reserved.
Table 1
Mendelian errors and estimated genotyping error probability in four families
Family Parents Children Observed
MEs
Expected
MEs
Estimated
average π %
1 2 2 64 88,666 π 0.07
2 1 2 44 14,869 π 0.30
3 1 2 24 15,221 π 0.16
4 1 3 49 19,555 π 0.25
Overall 181 138,310 π 0.13
292 I.W. Saunders et al. / Genomics 90 (2007) 291–296measurement of fluorescence intensities, which will vary due
both to instrument error and to biological and preparation
variations. This section examines the estimation of the rate of
GEs from MEs and their impact on the analysis of estimates of
allele sharing identical by descent (IBD).
Estimating error rates from Mendelian errors in nuclear
families
Suppose that at a particular marker, where the alleles are A
and B, with respective population allele frequencies pA and pB,
the probability of a GE is π. For simplicity we suppose that the
called genotype will be in error by only one allele, so that a true
genotype of AA or BB has probability π of being mistakenly
called as AB, while a true genotype of AB has probability ½ π
of being called as AA and ½ π of being called as BB. We shall
assume that the value of π is small enough that the probability
of two GEs in the same family is negligible. Then we need only
consider the impact of a single error, which may be in either a
parent or a child.
In a nuclear family in which both parents and m children
have been genotyped, the probability of a ME at this marker is
pPME pA;mð Þ ¼ mþ 2ð Þp
 2p p 2A þ p 2B þ
1
2
 m1
pA pBþ 4 34
 m
 1
2
 m 
p 2A p
2
B
( )
 mppA pB 3p 2A þ 4pA pB þ 3p 2B
  ð1Þ
If only one parental genotype is known, the ME probability
is
pPð1ÞME pA;mð Þ
¼ ppApB 2 1 12 pB
 m
 1 1
2
pA
 m
þ 1
2
m
 
ð2Þ
The derivations of these formulae are given in the Appendix.
Extending to larger pedigrees
Provided the GE rate is small enough that the probability of
multiple errors at the same SNP in a pedigree can be neglected,
the extension of the above results to larger pedigrees is simple:
each nuclear family can be treated separately and the
probabilities summed over all the nuclear families within the
pedigree. This follows because the expected number of MEs can
be obtained by summation regardless of the dependence
between the families, and regardless of the size of π, and if
the probability of two or more GEs is negligible, this expected
value is equal to the ME probability.
The mean value of π over all SNPs can thus be estimated
from the proportion of Mendelian errors in a set of families,
corrected by the appropriate factor calculated as the sum of the
appropriate PME and PME
(1) values for all nuclear families in the
pedigree, and averaged across all SNPs.Examples
Data from Australian families
For simplicity, only SNPs on the 22 autosomal chromosomes
have been used in this study. There are 57,421 SNPs from these
chromosomes on the Xba array. The genetic distance between
SNPs used was derived from the deCode map positions [11]
provided by Affymetrix, and the frequency of the A allele of
each SNP was taken as the Caucasian frequency provided by
Affymetrix, modified for SNPs that had a Caucasian frequency
of 0 or 1 to be 0.001 or 0.999, respectively. This avoided
problems for some SNPs in the data that had alleles that were
“impossible” according to the unmodified allele frequencies.
Our first aim was to understand the likely error rates for
genotypes obtained for an Australian linkage study and so we
first analyzed the allele frequencies within our study group. The
data were also analyzed using allele frequencies calculated from
173 Australian individuals. There were some discrepancies in
the allele frequencies, but the estimates of π were essentially
unchanged.
A potential problem in such data is that the pedigree is
inaccurate, so that the relationships between individuals are not
as expected. The high density of SNPs here allows for this to be
checked, since the frequency of SNPs with genotypes identical
by state in two individuals depends on the relationships [10],
and with the large number of SNPs available, this allows very
accurate determination of the relationships. The relationships of
those individuals used for this study were found to be correct.
The Affymetrix software that calls the genotypes includes a
“confidence score” parameter that controls the stringency of the
call [5]. Lower values of the confidence parameter give more
accuracy, but at the cost of larger numbers of “No Calls.” The
default value of 0.25 was used for this confidence parameter for
these genotypes. Table 1 gives the results of the calculations of
expected and actual ME counts for SNP array genotypes of four
Australian families in which two or three children and one or
both parents had been genotyped. The “Expected MEs” column
is calculated as the sum of the values of PME(pA,2) over all
SNPs where all members had genotype calls for Family 1, the
corresponding sums of PME
(1) (pA,2) for Families 2 and 4, and the
sum of PME
(1) (pA,3) for Family 4.
Application to CEPH trios
Application of the same method to the same set of SNPs in
the 30 CEPH trios (Utah residents with ancestry from northern
293I.W. Saunders et al. / Genomics 90 (2007) 291–296and western Europe) used for the HapMap database [12] gives
a total of 2751 SNPs with Mendelian errors compared with
an expected number of 1,402,551 π, giving an estimate of the
mean error rate of 0.17%, in broad agreement with the rates
found above. The SNP genotypes for this were obtained from
the Affymetrix Web site (http://www.affymetrix.com/support/
technical/sample_data/hapmap_trio_data.affx) and the standard
confidence score parameter of 0.25 used as in the Australian
data used above.
Results of Hao et al. [4]
The results of Hao et al. [4] are readily obtained without
simulation. Their simulations studies used (A) a nuclear family
with a single child, (B) a nuclear family with five children, and
(C) an extended pedigree consisting of six nuclear families, one
with two children and the remainder with a single child.
The expected number of MEs in each of these families, based
on the allele frequencies for the Affymetrix GeneChip Mapping
10 K array used in [4], is given in Table 2. The actual values of
the coefficients are not given in [4], but can be estimated from
their Fig. 1. Estimated values are also given in Table 2.
The values are very close and so the results of [4] can be
obtained directly without simulation.
Effect of changing stringency of genotype calls
Lower values of the confidence parameter in the calling
algorithm would be expected to give lower GE rates. Table 3
shows the results of decreasing the confidence parameter of the
genotyping calls for Family 1.
It can be seen that using a confidence score of 0.05 instead of
the default 0.25 gives a reduction of more than 50% in the
genotyping error rate with very little effect on the call rate, but
reducing the confidence score further than this leads to
substantial reductions in the call rate.
Impact of genotyping errors on IBD status
Genotyping errors have impact only through their effects on
data analysis. The final column in Table 3 indicates the impact
of these genotyping errors on estimation of IBD numbers in
sibling pairs; IBD sharing is the basis of most linkage tests. The
impact was assessed by simulation of a set of random genotypes
for 1000 sib pairs, taking the SNPs to be in linkage equilibrium
in the parents, crossovers occurring in accordance with the
deCode genetic map [11].Table 2
ME probabilities and expected numbers for examples from [4]
Pedigree ME probability Sum over allele
frequencies for
10k array
Approximate value
from Fig. 1 of [4]
A PME(pA,1) π 9,178.7 π 8,900 π
B PME(pA,5) π 37,230.5 π 39,800 π
C {5PME(pA,1)+PME(pA,2)} π 62,891.7 π 63,100 πGenotyping errors were simulated for each of the sib pairs by
randomly selecting a number of SNPs for each sib and altering
the genotype at the selected SNPs by one allele. Call rates were
simulated by randomly selecting the appropriate number of
SNPs to be designated as “No Call.” The GE and call rates used
were those found from the data for the Xba array as given in the
table. The IBD status was estimated using a Forward/Backward
(F/B) algorithm (see for example [13]).
It can be seen that if the GE rate is reduced simply by
reducing the confidence score cutoff, reduction beyond about
0.05 will have no benefit without using an improved calling
algorithm. Simulations for other call-rate/GE-rate combina-
tions, to reflect the potential improvements from better calling
algorithms, showed, for example, that even with a call rate close
to 100%, and a GE error rate of 0.01%, the error rate of IBD
estimates from the F/B algorithm is still 1.2%, so the additional
benefit of such improvements in this context is limited.
As a further investigation of the impact of GEs on inference,
a single data set of 200 sib pairs was simulated as a test of the
impact on detection of disease linkage. Sibling genotypes were
generated as above. A genetic link to disease was simulated by
simulating a single disease gene at an arbitrarily chosen locus.
The frequency of the disease susceptibility (DS) allele was
taken to be 0.05, with dominant effect such that the penetrance
of the disease for carriers was 0.70 and that for noncarriers
0.035. The disease status for each sib was generated at random
in accordance with his or her genotype and only sib pairs in
which both were affected were included in the study,
simulations continuing until 200 affected sib pairs had been
generated. Various tests for departure from the null model are
possible. Those shown here are based on a point-wise maximum
likelihood test for the specific alternative model [14]. The
graphs in Fig. 1 show in black the test statistic values from the
exact IBD data; in red the values from the estimated IBD values
based on exact genotype data; in blue the values estimated using
data with a genotyping error rate of 0.2%, similar to the value
estimated from the Mendelian error rate; and in green the values
estimated using data with a higher genotyping error rate of
0.5%. The first graph (Fig. 1a) shows a region of 1000 SNPs
close to the DS gene and the second (Fig. 1b) a set of 1000 SNPs
far from the DS gene. There is clearly little difference between
the results from the exact genotypes and those with an error rate
of 0.2%. Even at error rates around 0.5%, the test still retains
good sensitivity.
Discussion and conclusions
Overall it appears that the effect of genotyping errors of the
level found is small enough that it can be neglected for most
purposes. However it seems that it will be worth using a slightly
higher stringency level in the calling algorithm than the default
level.
The F/B algorithm used in the above study can readily be
adapted to accommodate genotyping errors. A simple approach
that introduces a constant error rate for all SNPs proved,
however, not to give a markedly improved performance in a
simulation study, not reported here in detail. A more realistic
Fig. 1. Test statistic for linkage with genotyping error rates of 0 (red), 0.2% (blue), and 0.5% (green) (a) in the region of the disease susceptibility gene and (b) in a
region far from the disease susceptibility gene.
294 I.W. Saunders et al. / Genomics 90 (2007) 291–296approach would be to allow a varying probability of error since
this is likely to reflect the actual performance of the genotyping
algorithm, but given the low level of errors this does not seem
likely to give a worthwhile improvement in performance.
In practice the error rate will differ between SNPs, but this
will be difficult to determine from genotype data only, since the
number of GEs is so small. It is likely that the distribution of
error rates will be skewed upward, owing to a few SNPs with
very high rates. In this case, an estimate of the mean error rate
will tend be higher than the median so that the value for the
majority of SNPs will be less than we have estimated.Table 3
Expected genotyping error rates in calls with various confidence scores
Confidence
score
Average
call rate
(%)
Observed
MEs
Expected
MEs
Estimated
average
π (%)
Estimated error
rate for IBD
estimates based on
genotypes (%)
0.250 98.47 64 88,666 π 0.072 1.55
0.050 93.09 26 78,614 π 0.033 1.50
0.010 82.58 14 60,411 π 0.023 1.84
0.005 76.25 9 50,963 π 0.018 2.11
0.001 52.63 2 22,598 π 0.009 4.18Any genotyping technology will be prone to some level of
genotyping errors that will interfere with subsequent analysis in
various ways. Some earlier studies such as [1,2], and others
mentioned in [4], have focused on the error rates of high-density
microarrays by regenotyping the same individual with an
alternative technique and comparing the calls, while [3] and [4]
used the ME approach as adopted here. Overall, the results for
the Xba array from all of these studies agree fairly well with an
estimated error rate typically less than 0.2%.
Any genotyping errors will have some effect on subsequent
genetic analysis, in this case disease linkage using IBD. Fig. 1
illustrates the results of finding linkage under three different
levels of genotyping errors (0, 0.2, and 0.5%). Although the
linkage peak is most pronounced under no genotyping errors
there is not much difference in resolution when simulating 0.2%
GEs, which is higher than the level found here for the Xba array.
The linkage peak is still well pronounced even under 0.5%
genotyping errors and the IBD-based test statistic shows a
remarkable resilience against 0.5% genotyping errors under
these simulated conditions.
Finding the right balance of call rate versus genotyping
accuracy must be done for each study and will depend on many
factors such as the specific aims of the study and the test
Table 5
Probabilities of possible true and observed genotypes giving aMEwhen child 1′s
genotype is in error
M F S1 S1
obs Pr
(M & F)
× Pr
(S1|M & F)
× Pr (GE)
AA AA AA AB pA
4 × 1 × π
AA AB AB BB 2pA
3pB × ½ × ½ π
AA BB AB BB pA
2pB
2 × 1 × ½ π
AA BB AB AA pA
2pB
2 × 1 × ½ π
AB AA AB BB 2pA
3pB × ½ × ½ π
AB BB AB AA 2pApB
3 × ½ × ½ π
BB AA AB BB pA
2pB
2 × 1 × ½ π
BB AA AB AA pA
2pB
2 × 1 × ½ π
BB AB AB AA 2pApB
3 × ½ × ½ π
BB BB BB AB PB
4 × 1 × π
295I.W. Saunders et al. / Genomics 90 (2007) 291–296statistics used. Overall it appears that the effect of genotyping
errors of the level found here is small enough that it can be
neglected for most purposes, though there seems to be some
advantage in the use of a slightly more stringent setting of 0.05
for the confidence parameter. For many applications the
improvement in genotyping accuracy makes the sacrifice in
call rate an acceptable trade-off.
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Appendix A. Derivation of the formula for PME (pA, m)
and PME
(1) (pA, m)
Consider a nuclear family in which both parents and m
children have been genotyped. The alleles A and B and the
genotypes of the father, mother, and ith child are denoted by F,
M, and Si, respectively. A ME can potentially arise through a
GE in any of the m+2 genotypes and so if the probability of a
GE in an individual genotype at a particular marker is π, the
probability of a GE at that marker for at least one person in the
pedigree is approximately (m+2)π, assuming that π is low
enough that we can neglect the probability of more than one GE.
The probability that there was an error in the father's
genotype F, but it did not lead to a ME in relation to any of the
offspring genotypes, can be obtained by summing terms
corresponding to all the possible values of F and the observed
genotype Fobs for the father. These terms are given in Table 4.
The final column is the probability that all m children are
compatible with the observed parental genotypes Fobs and M,
which may be computed by considering the possible genotypes
Si. For example, in the first row F=M=AA, the offspring must
all be AA, which is compatible with the observed genotype
Fobs =AB, so that the probability is 1, as shown.Table 4
Probabilities of possible true and observed genotypes when the Father's
genotype is in error
F Fobs M Prob
(GE)
× Prob
(F & M)
× Prob (S1 … Sm all
compatible with
Fobs & M)
AA AB AA π × pA
4 × 1
AB π × 2pA
3pB × 1
BB π × pA
2pB
2 × 1
AB AA AA ½ π × 2pA
3pB × (½)
m
AB ½ π × 4pA
2pB
2 × (¾)m
BB ½ π × 2pApB
3 × (½)m
AB BB AA ½ π × 2pA
3pB × (½)
m
AB ½ π × 4pA
2pB
2 × (¾)m
BB ½ π × 2pApB
3 × (½)m
BB AB AA π × pA
2pB
2 × 1
AB π × 2pApB
3 × 1
BB π × pB
4 × 1Summing the probabilities in Table 4 gives
Pr GE in F but S1 N Sm compatible with Fobs;M
 
¼ p p 2A þ
1
2
 m
pApB 2 p
2
A þp 2B
  	þ 3
4
 m
4p 2A p
2
B
 	þp 2B

 
¼ p p 2A þ
1
2
 m1
pApB 1 2pApB½ þ 34
 m
4p 2A p
2
B
 	þ p 2B
( )
¼ p p 2A þ p 2B þ
1
2
 m1
pApBþ4 34
 m
 1
2
 m 
p 2A p
2
B
( )
ð3Þ
The corresponding formula for a GE in M is identical.
The probability that there was a genotyping error in one of
the children, leading to observed child genotypes S1
obs, … , Sm
obs,
but again not leading to a ME, is
PrðGE in child; but Sobs1 ; N ; Sobsm compatible with F &MÞ
¼ mPrðGE in child 1 but Sobs1 compatible with F &MÞ
by symmetry ð4Þ
This probability is more readily obtained by considering
the possibility of a genotyping error that does lead to a ME
for all possible parent/child genotypes. These are listed in
Table 5.
Summing these probabilities we find that
PrðGE in child 1 and Sobs1 is incompatibleÞ
¼ pfp 4A þ p 3A pB þ 2p 2A p 2B þ pAp 3B þ p 4B g
¼ pðpA þ pBÞ4  pf3p 3A pB þ 4p 2A p 2B þ 3pAp 3B g
¼ p ppApBð3p 2A þ 4pApB þ 3p 2B Þ ð5Þ
so that
PrðGE in child 1 and Sobs1 is compatibleÞ
¼ ppApBð3p 2A þ 4pApB þ 3p 2B Þ ð6Þ
and hence
PrðGE in child; but Sobs1 ; N ; Sobsm compatible with F &MÞ
¼ mppApBð3p 2A þ 4pApB þ 3p 2B Þ ð7Þ
296 I.W. Saunders et al. / Genomics 90 (2007) 291–296Thus the probability that a genotyping error occurs that does
not lead to a ME is the sum of the three terms for the father,
mother, and children, so that the probability that a ME is
observed is
mþ 2ð Þp 2p


p 2A þ p 2B þ
1
2
 m1
 pApB þ 4
3
4
 m
 1
2
 m 
p 2A p
2
B

mppApB 3p 2A þ 4pApB þ 3p 2B
  ¼ pPME pA;mð Þ; say ð8Þ
If only one parental genotype is known, then a ME can occur
only if the observed parental genotype is homozygous and a
child's observed genotype is the opposite homozygote. If the
parent's genotype is AB, but a GE causes it to be observed as
AA, then the probability that a child is BB is ½pB so that the
probability that no child is BB is (1-½pB)
m. If the parent’s
genotype is AA, then the probability that a single child’s true
genotype is AB and his or her observed genotype is BB is ½πpB.
Combining these values with those for the other possible
genotypes gives
Pr MEð Þ ¼ pApBð2 ð1 12 pBÞ
m  ð1 1
2
pAÞm þ 12mÞp
¼ pPð1ÞME pA;mð Þ ð9Þ
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